ABSTRACT Lateral organization of cholesterol in dioleoyl-phosphatidylcholine (DOPC) lipid bilayers at high cholesterol concentration ([45 mol%) was investigated using steady-state fluorescence anisotropy and fluorescent resonance energy transfer techniques. The recently devised Low Temperature Trap method was used to prepare compositionally uniform cholesterol/DOPC liposomes to avoid the problem of lipid demixing. The fluorescence anisotropy of diphenylhexatrience chainlabeled phosphatidylcholine (DPH-PC) in these liposomes exhibited local maxima at cholesterol mol fractions of 0.50 and 0.57, and a sharp drop at 0.67. For the liposomes labeled with both dehydroergosterol and DPH-PC, the fluorescent resonance energy transfer efficiency from dehydroergosterol to DPH-PC displayed a steep jump at cholesterol mol fraction of 0.5, and dips at 0.57 and 0.68. These results indicate the presence of highly ordered cholesterol regular distribution domains at those observed critical compositions. The observed critical mol fraction at 0.67 agreed favorably with the solubility limit of cholesterol in DOPC bilayers as independently measured by light scattering and optical microscopy. The regular distribution at 0.57 was previously predicted from a Monte Carlo simulation based on the Umbrella model. The results strongly support the hypothesis that the primary requirement for cholesterol-phospholipid mixing is that the polar phospholipid headgroups need to cover the nonpolar body of cholesterol to avoid the exposure of cholesterol to water.
INTRODUCTION
Cholesterol is a major constituent of the mammalian plasma membranes. It has been shown that cholesterol has a remarkable ability to induce domain formation in lipid membranes. For example, in dipalmitoyl-phosphatidylcholine (di16:0PC) lipid bilayers at room temperature, cholesterol induces the coexistence of a liquid disordered phase (l d ) with low cholesterol content and a liquid order phase (l o ) with high cholesterol content (Ipsen et al., 1987; Vist and Davis, 1990) . In addition, microdomains in the plasma membranes of animal cells known as ''lipid rafts,'' which are rich in cholesterol, sphingolipids, and certain membrane proteins, are thought to be involved in regulating cell functions, such as signal transduction, lipid trafficking, and protein function Ikonen, 1997, 2000; London, 1998, 2000; Field et al., 1997) . Similar cholesterol-rich ''raft domains'' have been reproduced on synthetic liposomes as well as planar supported lipid bilayers containing equal molar of unsaturated phosphatidylcholine (PC), sphingomyelin (SM), and cholesterol (Xu and London, 2000; Wang et al., 2000; Dietrich et al., 2001; Samsonov et al., 2001; Gandhavadi et al., 2002) . Furthermore, in some mixtures of fluid-phase phospholipids and cholesterol, evidences suggest that cholesterol molecules can form regular distribution domains (e.g., hexagonal or centered rectangular pattern superlattices) to maximize the cholesterol-cholesterol separation Virtanen et. al., 1995; Liu et al., 1997; Wang et al., 2002; Cannon et al., 2003) .
Because the domain formations are driven by molecular interactions, a comprehensive understanding of cholesterollipid interaction is needed to understand the mechanisms of cholesterol-induced domain formation under various conditions. A good model should identify the key interactions, and be able to explain a wide range of experimental results, or even predict new phenomena. In this study, cholesterolphospholipid interaction at high cholesterol regime ([45 mol %) was investigated. We aimed at understanding the cholesterol lateral distributions and cholesterol solubility limit in dioleoyl-phosphatidylcholine (DOPC or di18:1PC) bilayers.
Previously, we have measured the solubility limit of cholesterol in lipid membranes, x clusters of cholesterol form and not all cholesterols can be effectively covered by neighboring phospholipid headgroups, cholesterol begins to precipitate from the bilayer.
The cholesterol coverage requirement can be modeled as a form of multibody interaction. Monte Carlo simulations based on the Umbrella model showed a direct connection between cholesterol solubility limit and formation of regular distribution domains in a lipid bilayer. To satisfy the coverage requirement, cholesterol molecules distribute in a bilayer in such a way that the size of cholesterol clusters (or equivalently, the number of cholesterol-cholesterol contacts) is minimized. As cholesterol concentration increases in a bilayer, fewer and fewer numbers of lateral distributions can satisfy the coverage requirement. At the cholesterol solubility limit, a cholesterol-phospholipid bilayer can only adapt a few highly ordered lateral distributions to satisfy the coverage requirement . Our simulation showed that cholesterol precipitation and formation of regular distributions of lipids are most likely to occur near three discrete values of cholesterol mol fraction, 0.50, 0.57, and 0.67, which correspond to cholesterol/phospholipid mol ratios of 1/1, 4/3, and 2/1, respectively. Two interesting predictions came out of the simulations: i), at the cholesterol solubility limit, there is a highly ordered regular distribution of lipid in bilayers; and ii), in a PC bilayer with the cholesterol solubility limit of 0.67, if the unfavorable cholesterol-cholesterol interaction increases nonlinearly as the number of cholesterol contacts (described as Multibody Interaction Energy Parameter Set (MIEP) IV in ), there should be a cholesterol regular distribution (a hexagon pattern) at the cholesterol mol fraction of 0.50, a dimer pattern at 0.57, and a maze pattern at the solubility limit 0.67 . The regular distribution at x chol ¼ 0:57 had not been observed previously, and was only predicted from our simulation based on our Umbrella model. Because these predictions are quite specific, an experimental investigation can provide a rigorous test to the model. In this study, regular distribution of cholesterol at high mol fraction of cholesterol and cholesterol solubility limit in DOPC bilayers were investigated by light scattering, optical microscope, fluorescence anisotropy, and fluorescent resonance energy transfer (FRET) techniques. Monte Carlo simulations were used to gain the understanding of the experimental data. We found that the anisotropy of diphenylhexatrience chain-labeled phosphatidylcholine (DPH-PC) in these liposomes exhibited local maxima at cholesterol mol fractions of 0.50 and 0.57, and a sharp drop at 0.67. The FRET efficiency from dehydroergosterol (DHE) to DPH-PC displayed a steep jump at cholesterol mol fraction of 0.5, and dips at 0.57 and 0.68. The result indicates the presence of highly ordered cholesterol regular distribution domains at these critical compositions. The solubility limit of cholesterol in DOPC bilayers, measured by light scattering and optical microscopy, was found to be 0.67 6 0.02, which agrees favorably with our prediction that cholesterol form a regular distribution in a lipid bilayer at its solubility limit. The results strongly support the validity of the Umbrella model.
Cholesterol mol faction in most mammalian cell membranes is between 0.2 and 0.5. However, it has been reported that in fiber cells of lens of the eye, the mol fraction of cholesterol is as high as 0.67 (Li et al., 1985 (Li et al., , 1987 . The majority of cholesterol studies have been focused on lipid mixtures with cholesterol mol fraction \0.5, whereas investigations of cholesterol-lipid interaction at high cholesterol regime are relatively rare. A crucial feature of this study is sample preparation. Special cares must be taken to preparing liposomes with high cholesterol content. In our previous x-ray diffraction experiments, we found that demixing of cholesterol can occur during conventional sample preparation (dry film method or lyophilization method) and that this demixed cholesterol may produce artifactual cholesterol crystals Buboltz and Feigenson, 1999) . Therefore, phospholipid/cholesterol suspensions, which are prepared by conventional methods, may have falsely low cholesterol solubility limits and nonuniform liposome compositions. In this study, the Low Temperature Trapping (LTT) method, which was specifically designed to prevent demixing , was used to prepare DOPC/ cholesterol mixtures.
MATERIAL AND METHODS

Materials
DOPC and POPC were purchased from Avanti Polar Lipids (Alabaster, AL) and cholesterol from Nu Chek Prep (Elysian, MN). Lipid purity ([99%) was confirmed by thin layer chromatography (TLC) on washed activated silica gel plates (Alltech Associates, Deerfield, IL) and developed with chloroform/methanol/water ¼ 65:25:4 for phospholipid analysis or with petroleum ether/ethyl ether/chloroform ¼ 7:3:3 for cholesterol analysis. The TLC plates were visualized by heating on a 2008C hotplate for 2 h after spraying with 20% ammonium sulfate solution. All solvents were of HPLC grade. Fluorescent lipid, 1-palmitoyl-2-((2-(4-(6-phenyl-trans-1,3,5-hexatrienyl)phenyl)ethyl)carbonyl)-3-sn-PC (DPH-PC), was obtained from Molecular Probes (Eugene, OR). DPH-PC consists of a 16-carbon saturated fatty acyl chain attached to the sn-1 position of the glycerol backbone and a diphenylhexatriene (DPH) fluorophore attached to the sn-2 position of the glycerol backbone via a short propanoyl chain. Dehydroergosterol was purchased from Sigma Chemical (St. Louis, MO). Concentrations of phospholipid stock solutions were determined by a phosphate assay (Kingsley and Feigenson, 1979) . Aqueous buffer (pH 7.0, 5 mM PIPES, 200 mM KCl, 1 mM EDTA, 1 mM NaN 3 ) was prepared from deionized water (;18 MV) and filtered through a 0.1-mm filter before use.
DOPC/cholesterol liposome preparation
Compositionally uniform DOPC/cholesterol liposomes were prepared using the LTT method, which was specifically designed to prevent lipid demixing . Briefly, DOPC and cholesterol were dissolved and mixed in chloroform. For FRET measurement, premixed DHE, and DPH-PC in chloroform at 10:1 ratio was added to the mixtures. For anisotropy measurement, only DPH-PC was added. The total amount of lipid in each sample was fixed at 0.2 mmol or 2 mmol for fluorescence or microscopy measurements, respectively. Chloroform was first removed under a vacuum of 30 mTorr for 12 h. The dry lipid films were redissolved in dry chloroform containing 2% of methanol. These mixtures were then frozen in liquid nitrogen and subsequently lyophilized at a controlled temperature (from ÿ20 to ÿ708C) in such a way that the chloroform in the mixtures remained solid. After the bulk solvent had been removed, the lipid powder was kept at ÿ208C under a vacuum of 30 mTorr for another 12 h or more to remove any residual solvent. Just before hydration, the samples were warmed to room temperature in a stirring water bath for 1 min. Two milliliters of aqueous buffer was added to the dry lipid powder immediately followed by 5 min vortexing. To increase sample concentration for microscopy study, only 1/2 ml of buffer was added. The samples were prepared and sealed under argon under dim red light. The liposomes were stored at 238C in the dark on a mechanical shaker for ;10 days before the fluorescence measurements. The samples were vortexed vigorously once a day during the equilibration period. TLC measurements revealed no degradation of the bulk lipids during the equilibration.
Optical microscopy
Optical microscopy was used to detect the presence of cholesterol crystals in the lipid dispersions. The method has been described previously ). An Olympus (Melville, NY) IX70 inverted microscope was used in the Nomarski differential interference contrast (Nomarski DIC) mode. An Olympus 203 air (UplanFl) or 603 water immersion (UplanApo) objective was used. Images were captured by a Cooke SensiCam digital CCD camera (Auburn Hills, MI). Hydrated DOPC/cholesterol dispersions (at 4 mM) made by the LTT method were viewed on thin coverglasses. The advantage of light microscopy is that cholesterol monohydrate crystals and lipid vesicles can be identified by direct, visual observation (Loomis et al., 1979) . We examined a series of samples with varying compositions and searched for the critical composition above which the presence of crystals of cholesterol monodydrate was detected. The main limitation of the method is that the quantity of crystals cannot be estimated, due to the small sampling volume and variations in the crystal size. However, light microscopy can serve as a supporting technique to confirm x Ã chol value.
Fluorescence anisotropy and FRET
Steady-state anisotropy r of DPH-PC and fluorescence resonance energy transfer efficiency between DHE and DPH-PC were measured with a T-mode Photon Technology International (Lawrenceville, NJ) C61/2000 spectrofluorimeter. In FRET experiments, the DPH-PC:DHE:lipid ratio was fixed at 1:10:1000. In anisotropy experiment, the DPH-PC:lipid ratio was 1:1000. The excitation monochromator was set at 310 nm with 4-nm slit width, and emission fluorescence intensities were collected at 371 nm (DHE emission peak) and 430 nm (DPH-PC emission peak) with 6-nm slit width. The fluorescence intensity ratio, I 430 /I 371 , was used as a measure of the energy transfer efficiency. Use of the intensity ratio largely eliminated the noise introduced by variations in lipid and probe concentration between samples. Steady-state anisotropy r of DPH-PC was calculated as ðI jj ÿ gI ? Þ=ðI jj 12gI ? Þ; where I jj and I ? are emission intensities at 430 nm from the parallel and perpendicular polarization and g is the g-factor related with relative sensitivity of the two emission channels and can be obtained with the excitation polarization is set to perpendicular (Gratton et al., 1984) . The detectors were set in the photon counting mode and the average intensities were obtained from a 40-s time scan.
Light scattering
Ninety-degree light scattering was measured using the same PTI spectrofluorimeter. The incident beam was set at 550 nm with a 2-nm slit width. To avoid detector saturation, the 908 scattering light was collected with the detection monochromators set at 4 nm higher than the incident wavelength. The diameter of the illumination beam in the cuvette was narrowed down to ;2 mm by adjusting the focus lens. Two milliliters of 100 mM DOPC/cholesterol suspension was added to the cuvette with a Teflon coated magnetic stir bar. Determination of x Ã chol by light scattering exploits the differences in size, structure, and refractive index between cholesterol crystals and bilayer vesicles. As cholesterol crystals enter or leave the narrow illumination beam due to stirring motion, fluctuations were introduced in the scattering intensity. To reduce the background scattering fluctuation by large multilamellar vesicles, the samples were sonicated in a low-power NEY sonication bath (Ultrasonik 3000, Yucaipa, CA) for 10 s, then vortexed vigorously for 5 min per day during the incubation period. The scattering signals from both detector channels were collected in the photon counting mode at a rate of 10 data points/s for a total of 60 s.
Monte Carlo computer simulation
Lateral distributions of lipids with x c [0:45 were generated by Monte Carlo simulation to help understand the experimental data. The microscopic molecular interaction model and computer simulation method have been described in detail previously . In earlier studies, we found that the dominated lipid interaction in a lipid bilayer containing high cholesterol content is an unfavorable cholesterol-cholesterol multibody interaction. This interaction increases nonlinearly as the number of cholesterol-cholesterol contacts. This nonlinear increase is the key of producing a series of regular distributions of cholesterol at some welldefined lipid compositions, i.e., at x c ¼ 0.5, 0.57, and 0.67. In this study, we used a very simple form of cholesterol multibody interaction: the energy cost for each additional cholesterol-cholesterol contact was chosen to be one unit higher than the preceding one, which was named as the Multibody Interaction Energy Parameter Set IV in . We have shown that with this interaction parameter set, the chemical potential of cholesterol jumped at x c ¼ 0.5, 0.57, and 0.67, a definitive indication that a large-scale regular distribution was produced at these compositions .
Simulating superlattices encounters a unique simulation size requirement: each regular distribution pattern has its own periodicity. A perfect regular distribution pattern can only be generated if the size of the simulation lattice is multiple of the pattern periodicity. Otherwise, defects will be introduced. The periodicities for regular distributions at cholesterol mol fraction 0.50, 0.57, and 0.67 are 6, 10, and 8, respectively. The simulation lattice used in this study is 120 3 120, and can accommodate all three regular distributions.
Simulations were performed on a triangular lattice with the standard periodical boundary condition. Based on our previous studies, the size effect is negligible (Huang and Feigenson, 1993; Huang, 2002) . Neighboring cholesterols and acyl chains can exchange their position with a probability given by the Metropolis method (Metropolis et al., 1953) . All simulations started from an ideal mixture of a given composition. The typical equilibrium time was 20,000-60,000 Monte Carlo steps. Statistical values were obtained through a 10,000 Monte Carlo steps average after equilibrium. At superlattice compositions, multiple superlattice domains (with different orientations) usually form at the beginning. Eventually, one domain would take over all the others and cover the entire simulation lattice. From that point on, the superlattices become quite stable with very few defects.
RESULTS
The maximum solubility of cholesterol ðx Ã chol Þ in DOPC bilayers has not been measured previously. We have shown that equilibrium and reproducible x Ã chol can be obtained if samples were prepared by the Low Temperature Trapping method or by the Rapid Solvent Exchanging method Bubultz and Feigenson, 1999) . In this study, all samples were prepared by the LTT method. Ninety-degree light scattering and optical microscopy were used to determine the x Ã chol in DOPC bilayers. Light scattering can detect the presence of cholesterol crystals in samples because of the difference in scattering property between multilamellar vesicles and cholesterol crystals. As cholesterol crystals enter or leave the illumination beam (;2 mm in diameter) in a cuvette due to stirring motion, large fluctuations are introduced in the scattering intensity. Fig To test whether the brief low-power sonication changes the solubility limit of cholesterol in a bilayer, we performed a control experiment with 16:0,18:1PC (POPC). The x Ã chol value in POPC was previously found to be 0.67 determined by x-ray diffraction . The x Ã chol value measured by our light scattering was also 0.67 (data not shown), very similar to Fig. 2 . This suggests that light scattering is a valid method to detect x Ã chol in PC bilayers. We also searched the value of x Ã chol using optical microscopy. Fig. 3 a is a Nomarski DIC image of a DOPC/ cholesterol sample with x chol ¼ 0:63; in which no cholesterol crystal was detected. Fig. 3 b is a DIC image for a sample with x chol ¼ 0:69; in which a number of cholesterol crystals are visible. After examining three independent sample series, the value of x Ã chol in DOPC bilayers was determined to be 0.66 6 0.02, which was consistent with the light scattering result. in absolute value of lipid composition (60.01) for our samples. As shown in Fig. 4 a, the locations of jump and dips agree quite well with the predicted regular distribution compositions.
The jumps of FRET efficiency at x chol % 0:50 were quite sharp. Fig. 5 shows the fluorescence emission spectrum of two consecutive samples around x chol ¼ 0:50: The emission spectrums of DHE and DPH-PC in 1/1 DOPC/cholesterol vesicles are shown in the lower portion of the figure, and their maximum peaks are at 371 nm and 430 nm, respectively. The intensity ratio I 430 /I 371 change abruptly within 1 mol% change of cholesterol mol fraction.
The average of the four curves in Fig. 4 a is shown in Fig.  4 b. Because the lipid compositions of data points in each experiment were different, the average was carried out in the following way: first, the adjacent points in each curve were simply connected by straight lines without smoothing; then a simple average was performed on these four lines from x chol ¼ 0.41 to 0.72 at 0.01 interval to obtain the average curve. The height of the error bars indicates the standard deviations. The average curve shows a jump at x chol % 0:5; and dips at 0.57 and 0.68. It should be pointed out that the estimated experimental uncertainty in absolute value of lipid composition for our samples was 61%, whereas the relative uncertainty in the same data set was 0.2%. Therefore, in Fig.  4 a, the sharpness of the jump or dip is more reliable than their absolute positions. The average curve in Fig. 4 b is less noisy, but the sharpness of the jump around 0.50 got smoothed out considerably. Fig. 6 a shows three sets of independent measurement of steady-state fluorescence anisotropy r of DPH-PC as a function of x chol : The average of the three measurements is shown in Fig. 6 b, which was obtained the same way as Fig.  4 b. In Fig. 6 b, r has a small local maximum at x chol ¼ 0:50; a prominent peak at 0.57, and a sharp drop at 0.67.
There is a small dip at x chol % 0:63 in the average curve of FRET efficiency (Fig. 4 b) as well as in anisotropy of DPH (Fig. 6 b) . The dips are shallower than others and are not obvious by inspecting original data curves (Figs. 4 a and 6 a) . However, it may be real because they occur at the same composition in two different measurements. More study is certainly needed to confirm this dip.
Monte Carlo simulation was used to visualize the lateral distribution of lipids. Fig. 7 shows snapshots of computersimulated lateral distribution of lipid at the regular distribution compositions and in between. The distributions are shown in 40 3 40 size, although the simulations were carried on 120 3 120 lattices. The cholesterol multibody interaction energy parameter DE c was fixed at 2 kT, high enough to generate all three regular distributions. The lateral distribution at 0.50 (Fig. 7 b) is a ''hexagonal pattern'' regular distribution, at 0.57 (Fig. 7 d) is a ''dimer pattern'' regular distribution, and at 0.67 (Fig. 7 f) is a ''maze pattern'' regular distribution. These regular distributions have a very long-range order: a single pattern covers the entire 120 3 120 simulation lattice. Fig. 7 c is a lateral distribution at x c ¼ 0:53; and it contains many small domains of both ''hexagonal pattern'' and ''dimer pattern.'' Fig. 7 e is a lateral distribution at x chol ¼ 0:60; in which small domains of ''dimer pattern'' and ''maze pattern'' and defect regions coexist. In a computer-simulation study, Sugar et al. (1994) suggested that the size of regular distribution domains become maximum at critical cholesterol mol fractions, and regular distribution domains and irregular distributions coexist at compositions between the critical mol fractions. The lipid lateral distributions in Fig. 7 are consistent with their finding.
We also investigated the extent of regular distribution as a function of the magnitude of interaction energy. The cholesterol regular distributions at x chol ¼ 0:50 (Fig. 7 b) , 0.57 (Fig. 7 d) , and 0.67 (Fig. 7 f) can be characterized by each cholesterol having exactly zero, one, and two cholesterol-cholesterol contacts. Let N c (0), N c (1), and N c (2) be the number of cholesterol having exactly zero, one, and two cholesterol-cholesterol contacts, respectively, and N c be the total number of cholesterol molecules. We can define N c (0)/ N c as an order parameter to describe the fraction of cholesterol molecules in the 0-cholesterol contact state. The order parameter becomes 1, if a perfect hexagonal regular distribution pattern covers the entire lateral surface at x chol ¼ 0:50: Similarly, we can define N c (1)/N c and N c (2)/ N c as order parameters for the dimer and maze patterns, respectively. Fig. 8 shows three order parameters as a function of the magnitude of multibody interaction energy parameter DE c : Let's use the dimer pattern as an example (middle panel in Fig. 8 ). Fig. 9 shows snapshots of lipid lateral distribution at x chol ¼ 0:57 with various values of DE c : When DE c ¼ 0; the mixing of cholesterol and DOPC is ideal (i.e., random). The order parameter N c (1)/N c is ;0.19. A snapshot of the random lateral distribution is shown in Fig. 9 a. As DE c increases, the order parameter N c (1)/N c increases, i.e., more and more cholesterol adapt the 1-contact state (Fig. 9, b-d) . However, the size of aligned dimer domains is small and there is no long-range order of cholesterol distribution. Around DE c ¼ 1:8 kT; the magnitude of interaction energy reaches the critical value, the order parameter N c (1)/N c jumps steeply to its maximum value of 1, which indicates that all cholesterol molecules are in the dimer state. A single stable aligned dimer domain covers the entire lateral surface and a long-range order of the molecules has been established (Fig. 9 e) .
There are some important differences in lipid lateral distribution before and after the interaction energy reaches the critical value. When the interaction energy is lower than the critical value, regular distribution domains are small and lack long-range order. More importantly, they are dynamic domains, i.e., they form and fade away continuously. On the other hand, when the interaction energy reaches the critical value, once a large long-range ordered regular distribution pattern covers the entire simulation lattice, the distribution becomes very stable: it stays virtually unchanged.
As illustrated in Figs. 8 and 9, a perfect dimer pattern with long-range order of cholesterol does not form until DE c reaches ;1.8 kT. However, small dynamic domains of the dimer pattern can form at much lower value of interaction energy. For example, at as low as 0.5 kT, statistically, [40% of cholesterol already in the dynamic dimer pattern domains. Similar conclusions can be drawn for regular distributions at 0.50 and 0.67.
In our simulations, two acyl chains belonging to the same phospholipid are not physically linked. This can result in some unrealistic configurations in which single hydrocarbon chain is surrounded with cholesterol molecules (Fig. 9 a) . However, this problem essentially vanishes as the magnitude of multibody interaction energy increases (Fig. 9, b-e) . Thus, it should not significantly affect our main conclusion. Sugar et al. (1998) have used a simulation procedure to link two acyl chains. We will try to incorporate it in our future simulations.
In Fig. 8 , the order parameter N c (2)/N c at x chol ¼ 0:67 (bottom panel) does not have as steep a jump as the other two order parameters. This is because the maze pattern is actually a mixture of two regular distribution patterns . Substantial interfacial regions suppress the order parameter and the sharpness of the transition.
DISCUSSION
Maximum solubility of cholesterol in DOPC
In this study, the maximum solubility limit of cholesterol in DOPC bilayers determined by the combination of light scattering and optical microscopy methods was found to be 0.67 6 0.02. This is similar to the x Ã chol values in the other four phosphatidylcholine bilayers (di12:0-PC, di16:0-PC, di22:1-PC, and 16:0,18:1-PC) previously measured by synchrotron x-ray diffraction. This result is consistent with the prediction of the Umbrella model in which the value of x Ã chol reflects the ability of PC to cover the neighboring cholesterol clusters. The coverage is determined by the effective size of phospholipid headgroups and the crosssectional area of PC acyl chains at the position where the cholesterol resides in the lipid bilayer. For the saturated phospholipids with the same headgroup, such as PC, the difference in the PC's chain length may not change the crosssectional area of the acyl chain to a significant extent. Thus, similar values of x Ã chol for the above four PC bilayers are expected. However, DOPC does differ from those PCs by having two double bonds in the C9 position of its oleoyl chains. If the presence of both double bonds interferes with the cholesterol packing, we would have expected a lower x Ã chol value. Yet, our result suggests that the double bonds at the C9 position have very little effect on the packing of cholesterol in the DOPC bilayer.
Cholesterol interaction with lipids of different acyl chains has been a topic of great interest. It has been shown that cholesterol has low affinity to unsaturated acyl chains and can selectively form association with saturated chains in a mixed chain environment (Mitchell and Litman, 1998; Niu and Litman, 2002) . Our observation that the double bonds have little effect on x Ã chol value is not totally surprising. Recently, Wang et al. (2002) measured the formation of cholesterol superlattices at low cholesterol concentration using fluorescence measurements. They found that cholesterol superlattice becomes undetectable when the cis double bond of PC is located at the same level of cholesterol steroid ring, i.e., between C8 and the carboxyl carbon. Because the double bond on an oleoyl chain is at the C9 position, it should not affect the packing of cholesterol in DOPC bilayer. However, if a double bond is located at a higher position, such as in di18:1c6-PC, it may result in a lower x Ã chol value.
FRET between DHE and DPH-PC
This is the first study using FRET technique to investigate regular distributions of lipid in a bilayer. Previously works usually involved one fluorescence probe. In this study, dehydroergosterol, a natural cholesterol fluorescent analog, was used as the donor molecule and diphenylhexatriene chain-labeled phosphatidylcholine was used as the receptor molecule. In a FRET experiment, the rate of transfer of energy from a donor to an acceptor strongly depends on the distance between the donor and acceptor, i.e., to the inverse sixth power of the distance (Förster, 1948) . In addition, the rate also depends on the relative orientation of the transition dipole moments of the donor and acceptor (Dale et al., 1979; Lakowicz, 1983) . In Fig. 4 , FRET efficiency shows a sharp jump around x c ¼ 0:5; a dip at 0.57, and a drop at 0.67. All three compositions have been previously predicted to be the regular distribution compositions . The FRET data indicate an abrupt change in the distance and/or the relative dipole orientation between the donor (DHE) and the acceptor (DPH-PC) at these three critical compositions.
DHE differs from cholesterol only in having three additional double bonds and an extra methyl group. It has been found that DHE behaves quite like cholesterol in lipid bilayers (Schroeder et al., 1991; Mukherjee et al., 1998) . Liu et al. (1997) found that DHE and cholesterol are interexchangeable in forming cholesterol regular distributions. It is reasonable to assume that DHE molecules will occupy the sites that would otherwise be occupied by cholesterol in case of regular distribution. On the other hand, because of the bulking fluorescence group on the acyl chain of DPH-PC, it has less room in the acyl chain region to accommodate cholesterol. Using the argument of the Umbrella model, DOPC can provide better coverage for cholesterol than DPH-PC, so DPH-PC should have less affinity to cholesterol than DOPC. When the cholesterol mol fraction is below 0.5, there will be some lattice sites having no cholesterol contact (see Fig. 7  a) . Because DPH-PC has a low affinity to cholesterol, it will preferentially occupy these sites, away from cholesterol (or DHE). Thus, the FRET efficiency will be lower. However, if a cholesterol regular distribution formed at x chol ¼ 0:5; then all the acyl chain sites should have three nearest-neighbor contacts with cholesterol (see Fig. 7 b) . DPH-PC would have no choice, but to occupy these sites with close contacts with cholesterol (or DHE). Thus, the average distance between DPH-PC and DHE is shortened suddenly at x c ¼ 0:5; and gives rise to a sharp jump of FRET efficiency.
The dips in FRT efficiency at x c ¼ 0:57 and 0.67 are likely resulted from the change in the relative dipole orientation of DHE and DPH-PC due to regular distributions (Dale et al., 1979; Lakowicz, 1983) . When x chol is higher than 0.5, the density of cholesterol is so high that all acyl chain sites have close contacts with cholesterol (or DHE), independent of the lipid lateral distribution (see Fig. 7) . Thus, the average distance between DHE and DPH-PC does not change much. Regular distributions are highly ordered lateral packing structures. It is reasonable to assume that the orientation free volume of the electric dipole of DPH-PC or DHE is more restricted within a regular distribution domain. It is likely that FRET efficiency can be reduced if the relative orientation of DHE dipole and DPH-PC dipole has a smaller probability to reach the favorable angle for optimum FRET within the lifetime of the DHE excited state.
With the excitation wavelength of 310 nm, a certain population of DPH-PC emission is due to the direct excitation of the DPH fluorophore. We are aware that changes in fluorescence intensity of DHE or DPH-PC, independent of the FRET process, can also alter the I 430 /I 371 ratio. Previously, Chong's group studied the regular distributions of cholesterol in di14:0PC and di16:0PC bilayers using DHE as a probe Liu et al., 1997) . They found that the normalized fluorescence intensity and the average lifetime of DHE have dips at the predicted cholesterol regular distribution compositions. These two factors alone would cause peaks rather than dips to the I 430 /I 371 ratio. There is no direct information about the behavior of DPH-PC fluorescence intensity responding to a cholesterol regular distribution. A recent work on DPH-PC in POPC/cholesterol bilayers revealed only a modest drop in fluorescence lifetime corresponding to a cholesterol regular distribution (Cannon et al., 2003) .
It is interesting that when the composition of cholesterol in a sample is higher than the solubility limit of cholesterol in DOPC ([0.67), FRET and anisotropy of DPH-PC both show an increase from the minima at 0.67 (Figs. 4 and 6 ). This suggests that the lipid packing in the bilayers becomes less ordered than that at x chol ¼ 0:67: Because the cholesterol solubility limit has been reached, the cholesterol concentration inside the bilayers should remain constant. The packing disorder is likely due to cholesterol microcrystal formation between lamellas. In previous x-ray diffraction experiments, it has been found that as soon as the cholesterol mol fraction passed the solubility limit and cholesterol monohydrate crystals began to form, the broad wide-angle diffraction peaks at 4.9 Å , corresponding to the acyl chain packing in the bilayers, quickly disappeared . This phenomenon was consistent in all the PC and PE mixtures we have studied.
Fluorescence anisotropy of DPH-PC
Steady-state fluorescence anisotropy of DPH-PC has a small local maximum at 0.50, a prominent peak at 0.57, and a sharp drop at 0.67 (Fig. 6 b) . The maxima at 0.50 and 0.57 can be attributed to the fact that the membrane surface area covered by the highly ordered regular distribution domains reaches maximum at the critical mol fractions .
Thus, the anisotropy value of DPH-PC reflects the orientational order of the acyl chains in the DOPC/cholesterol bilayers. On the other hand, the sharp drop at 0.67 is likely due to a decrease in the orientational order of the acyl chains caused by the cholesterol microcrystal formation between the lamellas.
Regular distribution at v c 5 0:57 and driving force of regular distributions
The driving force of lipid regular distribution has long been interested by many researchers (see reviews in Somerharju et al. (1999) and Chong and Sugar (2002) ). The original superlattice model emphasizes the difference in the crosssectional area between the steroid ring and the neighboring phospholipid acyl chains. This difference would cause an elastic deformation in the hexagonal lipid lattices, thus providing a repulsion between the bulky steroid rings for achieving a maximum separation (Virtanen et al., 1988; . Another hypothesis (Spacer model) focuses on the imbalance between the lipid headgroup and the acyl chain cross-sectional areas (Somerharju et al., 1999) . The surface area occupied the strongly hydrated phosphocholine headgroup is larger than the cross-sectional area of the acyl chains. This imbalance leads both to the crowding of the headgroup level and looser packing of the acyl chains. However, when adequate amounts of a lipid with a relatively small headgroup (e.g., cholesterol, diglyceride, or PE) is mixed with PC, the crowding is diminished or abolished and the packing (order) of the acyl chains increases. The Superlattice model and Spacer model predict the maximum separation of ''spacer'' or ''foreign'' molecules and predict regular distributions by an equation based on pattern symmetry (Virtanen et al., 1988; Tang and Chong, 1992) .
Recently, proposed the Umbrella model to particularly describe the interaction between cholesterol and phospholipid molecules. It emphasizes that the polar phospholipid headgroups must help to cover the nonpolar body of cholesterol to avoid the unfavorable free energy of exposing the cholesterol to water. The interaction described by the Umbrella model can be expressed as a strong cholesterol-phospholipid multibody interaction in a computer simulation. This allows the quantitative analysis of the energy requirement for a simulated regular distribution. Monte Carlo simulations based on the Umbrella model have successfully generated regular distributions at 0. 157, 0.25, 0.4, 0.5, 0.57, and 0.67 (Huang and Feigenson, 1999; Huang, 2002) . In general, at high cholesterol concentrations, cholesterol distribute in a lipid bilayer in such way that the cholesterol cluster size is minimized; at low cholesterol concentration ðx chol \0:50Þ; the acyl chains of PC minimize the higher-order contacts with cholesterol to reduce the overall entropy penalty of chain ordering (Huang, 2002) . Regular distributions of cholesterol at the high cholesterol regime have some unique properties: i), the regular distributions, such as the dimer and the maze patterns, are neither hexagonal nor centered rectangular. Thus ''regular distribution'' is a more precise term than ''superlattice'' to describe the distribution behavior of cholesterol; ii), if it is assumed that each cholesterol molecule occupies one hexagonal lattice site, then the highest possible cholesterol mol fraction for regular distribution in the Superlattice or Spacer model is 0.50 (Virtanen et al., 1988; Tang and Chong, 1992) . Chong and co-workers suggested that a cholesterol molecule may occupy two lattice sites at high cholesterol concentration and a modified equation can be used to predict the cholesterol regular distributions for x chol [0:50 Tang and Chong, 1992) . In the Umbrella model, a cholesterol molecule is assumed to occupy one lattice site. The dimer pattern (at 0.57) and the maze pattern (at 0.67) came out from a Monte Carlo simulation naturally by assuming that the unfavorable cholesterolcholesterol multibody interaction increases nonlinearly with the number of cholesterol contacts . Note that the regular distribution at 0.57 has not been observed previously or predicted elsewhere. The experimental verification of the prediction at X c ¼ 0.57 in this study indicates that the Umbrella model captures the key molecular interactions between cholesterol and phospholipids.
Dynamic domains and magnitude of interaction Sugar et al. (1994) made the first attempt to simulate regular distribution based on pairwise interactions. They successfully simulated the regular distribution of x chol ¼ 0:50; but could not generate other large-scale regular distributions. The Umbrella model implies that the interactions between cholesterol and phospholipid are multibody in nature. The Monte Carlo simulations based on the Umbrella model have successfully simulated a number of cholesterol regular distributions Huang, 2002) . In addition, it also makes it possible to analyze the energy requirement for the regular distribution in quantitative terms. In general, to obtain any large stable regular distribution with a perfect long-range order, such as the distributions in Fig. 7 , b, d, or f, the critical magnitude of interaction energies needs to be in the order of several kTs (Fig. 8) . Thus, it naturally leads to the question of whether or not the cholesterol regular distribution is a common phenomenon in lipid bilayers because the energy requirement is so high. However, our simulation results as demonstrated in Figs. 8 and 9 show that a significant number of small dynamic domains of regular distribution can actually exist even if the magnitude of interactions is many times smaller than the critical values.
Based on a partition measurement, Wang et al. (1998) estimated that, at x chol ¼ 0:50 in PC, the area of regular distribution domains can be as high as 80% of the total membrane surface area. Assuming that the percentage of regular area is equivalent to the parameter N c (0)/N c in Fig. 8 , the value of DE c for 50 mol% cholesterol in PC would be close to 1.3 kT. This indicates that in real lipid membranes, the magnitude of interaction is indeed smaller than the critical value and the observed regular distribution phenomena are caused by dynamic domains.
It is difficult to estimate the lifetime of these dynamic domains in a Monte Carlo simulation, because establishing the correlation between Monte Carlo steps and real time is not a trivial task. However, given the typical time for a lipid to exchange its position with one of its nearest neighbors being ;10 ÿ7 s (Marsh et al., 1982) , the lifetime of these dynamic domains should at least be longer than a few microseconds. On the other hand, the fluorescence lifetimes of DHE and DPH-PC in lipid bilayers are much shorter, i.e., in the nanoseconds range (Liu et al., 1997; Cannon et al., 2003) . It is therefore reasonable to assume that the changes of fluorescence signal at the regular distribution composition reports the existence of these small dynamic domains. This interpretation of dynamic domain is consistent with the observation that regular distribution measurements are quite sensitive to sample preparation and incubation. Nevertheless, the existence of these dynamic domains does indicate the importance of multibody interaction between cholesterol and phospholipids.
Cholesterol-lipid interaction and Umbrella model
The Umbrella model was originally proposed to explain the solubility limit of cholesterol in lipid bilayers . It hypothesizes that the key requirement for cholesterol-phospholipid mixing is that the polar phospholipid headgroups must cover the nonpolar bodies of cholesterol to avoid the unfavorable free energy of cholesterol contact to water. This coverage requirement results in an overall favorable attraction between cholesterol and phospholipids and an unfavorable repulsion between cholesterol. On the other hand, as the cholesterol molecules partially hide under the headgroups of phospholipid, the rigid bodies of cholesterol restrict the motion of phospholipid acyl chains, resulting in a smaller unfavorable free-energy penalty due to the reduction of chain conformation entropy (Huang, 2002) . The balance between the large favorable mixing energy and the smaller unfavorable entropy penalty largely regulates the mixing behavior of phospholipid and cholesterol. So far, the Umbrella model has explained and predicted a number of experiment results:
1. Cholesterol solubility in a lipid bilayer. The solubility limit of cholesterol was interpreted as the concentration of cholesterol at which not all cholesterols can be effectively covered by phospholipid headgroups. At the solubility limit, cholesterol chemical potential jumps, leading to its precipitation from the bilayer. Computer simulation based on the Umbrella model showed that cholesterol precipitation is most likely to occur near three discrete values of cholesterol mol fraction, 0.50, 0.57, and 0.67 . The model explained the precise values of the observed solubility limits, and that the solubility limit should be higher in a PC bilayer (with large headgroups) than that in a PE bilayer (with small headgroups). 2. Regular distribution at 0.57. The computer simulation also predicted the cholesterol regular distributions at 0.57 and 0.67, which were experimentally verified in this study. 3. Regular distribution at low cholesterol concentration. We have successfully simulated a number of cholesterol regular distributions at low cholesterol concentration (x chol ¼ 0:154; 0:25; 0:40; and 0.5). The study revealed that the unfavorable acyl chain multibody interaction due to reduction of conformation entropy is crucial for cholesterol regular distribution at low cholesterol concentration (Huang, 2002) . We found that in general, conventional pairwise-additive repulsive forces cannot produce regular distributions. Instead, a multibody (nonpairwise) interaction is required. For the first time, these regular distributions were simulated starting from a reasonable set of microscopic interaction energies. 4. Increase of acyl chain order by cholesterol. Because cholesterol molecules need to squeeze into the acyl chain region and partially hide under the phospholipid headgroups, it will restrict the motions of acyl chains or even force acyl chain to adapt nearly all-trans conformations.
The acyl chain order parameter should increase (Stockton and Smith, 1976; Vist and Davis, 1990) . Recent molecular dynamics simulations showed that cholesterol molecules are covered by DPPC headgroups in a bilayer and conformation of acyl chains next to cholesterol is quite restricted (Smondyrev and Berkowitz, 1999; Tu et al., 1998; Chiu et al., 2001; Cannon et al., 2003) . 5. Cholesterol condensing effect. Because cholesterol is partially hiding under the headgroups of phospholipid, the total surface area of the bilayer should be smaller than the sum of the surface area of pure phospholipid bilayer and the total cross-sectional area of cholesterol (Leathes, 1925; Demel et al., 1967) . 6. Reduction of membrane permeability. Cholesterol increases the packing density in acyl chain region. The membrane permeability should decrease (Kinsky et al., 1967) . 7. Expansion of phospholipid headgroup. As the cholesterol concentration increases, the phospholipid headgroups need to expand and reorient toward the membrane surface to cover more interfacial area per headgroup. This is consistent with earlier findings that PC headgroups become more hydrated when cholesterol was added (Kusumi et al., 1986; Ho et al., 1995) . Molecular dynamic simulations have shown that PC headgroup-headgroup distance increases and phospholipids in close contact with cholesterol have a slightly larger average area per headgroup and their headgroups are oriented nearly parallel to the membrane surface (Pasenkiewicz-Gierula et al., 2000; Smondyrev and Berkowitz, 1999) .
Possible mechanism of lipid raft formation
Lipid rafts are cholesterol and sphingolipid-rich lipid domains. The Umbrella model also suggests a possible mechanism of its formation. It has been suggested that by forming a liquid-ordered phase with sphingomyelin, cholesterol increases the attractive van der Waals force with the long saturated acyl chains of sphingomyelin (Harder and Simons, 1997) . Others have suggested that rafts are driven by hydrogen bonding between cholesterol and the sphingolipid ceramide backbone (Brown and London, 1998; Simons and Ikonen, 1997) . Here we propose an alternative mechanism: raft formation is driven by an entropy effect of hydrocarbon chains. Due to the coverage requirement, cholesterol has a strong tendency to mix well with other lipid molecules containing large polar headgroups, such as phosphatidylcholines and sphingolipids. In a lipid mixture with phosphatidylcholines having unsaturated chains and sphingolipids having more saturated chains, cholesterol can mix well with both lipids, because both can provide the needed coverage for cholesterol. However, association with sphingolipids can be much more favorable than association with phosphatidylcholines for the following two reasons: 1), the unfavorable free energy due to the chain entropy effect will be reduced by the long and saturated sphingolipid hydrocarbon chains having a natural tendency to form straight conformations, even without cholesterol; and 2), phosphatidylcholines with unsaturated hydrocarbon chains will have less room under the headgroups for cholesterol due to the cis double bonds. This explanation is consistent with experimental findings that cholesterol has low affinity to unsaturated acyl chains and can selectively form association with saturated chains even in a pure PC bilayer (Mitchell and Litman, 1998; Niu and Litman, 2002) . Based on our previous work (Huang, 2002) , this entropy effect can be quite large. Thus, it is likely to contribute to lipid raft formation.
